In 1954, Schafroth proposed a mechanism for superconductivity that is physically possible, but ended up not being the explanation of the well known BCS superconductors. The proposal argued correctly that a Bose condensate of charged bosons should also be a superconductor. In 1996, V.I. Yudson proposed a way to produce a charged boson by attaching two free charges to an exciton in a semiconductor, to make a "quaternion". While that state was never seen in III-V semiconductors, our calculations show that it is predicted to be stable in structures made with monolayers of transition metal dichalcogenide (TMD) materials. We present experimental spectroscopic measurements that agree with this theory, which indicate that we have observed this charged-boson state in this type of structure. This opens up a new path for pursuing room temperature superconductivity. arXiv:2003.05850v2 [cond-mat.supr-con] 
In 1996, V.I. Yudson published an intriguing paper [1] in which he proposed the existence of stable four-carrier complexes in bilayer semiconductor structures, which may be called "quaternions." The geometry considered by Yudson is shown in Figure 1 (a). Two semiconductor layers are placed side by side to make a bilayer structure, and this bilayer structure is placed parallel to a nearby metal layer. Under optical pumping, an exciton can be created which then picks up two free electrons (or two holes). At first glance, one would not expect that a complex with three times more negative charge than positive would be stable, although "trions" (two electrons and one hole, or vice versa) are known to be stable in many semiconducting systems [2, 3] . The presence of the metal layer, however, produces image charge below the surface, so that much of the repulsive interaction in the quaternion is canceled out.
Such four-particle complexes are charged bosons: an even number of fermions with a net charge-and therefore will respond to electric field. A Bose-Einstein condensate of these complexes would be a Schafroth superconductor [4] . Schafroth superconductivity was originally proposed as the explanation of what are now known as BCS superconductors; although this theory did not explain the behavior of those superconductors, it is still fundamentally correct that a charged Bose condensate will be a superconductor. Such a state has never been observed experimentally. This would be a different mechanism from earlier proposals for exciton-mediated superconductivity; in one proposal [5] , it was argued that the presence of a magnetic field would cause neutral excitons to respond to an electric field; in another proposal [6] , exciton-polaritons were proposed to play the same role as phonons in Cooper pairs.
Like a Bose condensate of excitons, a Bose condensate of quaternions would be metastable to recombination and require optical pumping for steady state. But as the burgeoning field experimental and theoretical work on Bose condensates of exciton-polaritons has shown [7] [8] [9] [10] [11] , such a steady-state, optical pumped system can indeed undergo condensation, including the effects of superfluidity, and can reach equilibrium in steady state with a well-defined temperature [12, 13] . The quaternion particles discussed here do not have a polariton nature, and therefore are more similar to pure exciton condensates, such as interlayer excitons in bilayer systems [14] [15] [16] , which are subject to much greater disorder effects. However, since the quaternions have charge, they will have much stronger interactions, which may cause a condensate of such particles to be more readily in the Thomas-Fermi regime with a common chemical potential which smooths out disorder effects.
We consider a variant of the Yudson geometry, which is structurally a trion in one layer bound to a free carrier in a parallel layer, as shown in Figure 1 (b). Our calculations, discussed below, indicate that this complex is more stable than the Yudson geometry. For the experiments, we fabricated the structure shown in Figure 2 (a), based on two-dimensional monolayers of transition-metal dichalgogenides (TMDs). While the original proposal by Yudson was for III-V semiconductor quantum wells, TMD bilayer systems have a number of advantages. First, the intrinsic exciton binding energy is much larger, of the order of 1 eV, and therefore the excitons are stable at room temperature; in the WSe 2 layers used here, the exciton binding energy has been found experimentally to range from 0.1 to 0.8 eV [17] [18] [19] , depending on the dielectric constant of the surrounding material. Also, hexagonal boron nitride (hBN) can be used as a good insulating barrier to prevent tunneling current while still allowing Coulomb interaction between free carriers in the layers [20] .
We used niobium as the metal, with a spacer layer of 15 nm of hBN between the metal and the first TMD monolayer, a 7-nm spacer between the layers, and a capping hBN layer. Figure   2 (b) shows an image of the stack of layers, and Figure 2 (c) shows the photoluminescence (PL) spectrum as temperature is varied. As seen in the PL, a line appears, which we label Q, between the direct exciton line and the trion line, both of which have well-identified energies in these TMD monolayers. As shown below, the energy of the Q line is consistent with calculations of the quaternion binding energy.
We have reproduced this behavior in a second sample, and we have examined a number of control structures, with the data given in the supplementary file for this publication. The control experiments can be summarized as follows:
• In a single, undoped monolayer of WSe 2 encapsulated in hBN, with no metal layer, we see the same direct exciton line, with energy about 15 meV higher than when there is a metal layer, with no quaternion line and very low trion emission.
• In a single, p-doped monolayer of WSe 2 in the presence of a metal layer, we see the direct exciton energy at nearly exactly the same energy as in the full bilayer stack with metal (the "quaternion" structure of Figure 2 ), and we see a strong trion line shifted lower by about 30 meV than in the full bilayer stack.
• In bilayer structures with and without a metal layer, the appearance of an indirect (interlayer) exciton line is a strong function of the thickness of the hBN layer between the TMD layers; for a 2-nm layer the indirect exciton line appears prominently, while for a 7-nm layer, as used in the structure of Figure 2 , there is no discernible indirect exciton line. The identification of the indirect exciton line in other samples was confirmed by lifetime measurements showing it has much longer lifetime than the direct exciton [21] .
• In a bilayer structure with the same layer ordering as that used for Figure 2 , but without the metal layer, we see exciton and trion lines but no evidence of a quaternion line.
• The quaternion Q line appears only in the two samples with the full bilayer structure with the parallel metal layer.
The intensity of the Q line relative to the changes with temperature may be explained by several effects. First, for a quaternion to be formed, an exciton must find two free electrons (or holes), which means that their relative numbers will be determined by a mass-action equation [22] . Second, the number of free carriers will change as a function of temperature; at low temperature, these carriers will mostly be bound to impurities, and therefore the trion and quaternion intensities will drop. Third, at high temperature, all of the PL lines undergo thermal broadening, which makes it hard to distinguish one line from another.
These results, and the identification of the Q line as a quaternion, are consistent with a straightforward theory of the binding energy of the exciton complexes, using the configuration space approach of Ref. [23] with the added image charges in the metal layer.
The configuration space approach was recently proven to be efficient for the binding energy calculations as applied to quasi-1D [24] and quasi-2D bilayer semiconductors [25] where it offers easily tractable analytical solutions [26] . The method itself was originally pioneered by Landau [27] , Gor'kov and Pitaevski [28] , and Holstein and Herring [29] in their studies of molecular binding and magnetism. The method provides an upper bound for the groundstate binding energy and captures essential kinematics of the formation of the complex, helping understand the general physical principles that underlie its stability.
In the configuration space approach, a singly charged exciton complex (the negative X − , or positive X + trion) is regarded as a bound system of two equivalent excitons sharing the same hole (or electron). The trion bound state then forms due to the exchange under-barrier tunneling between the equivalent configurations of the electron-hole system in the configuration space of the two independent relative electron-hole motion coordinates representing the two equivalent excitons separated by the center-of-mass-to-center-of-mass distance ∆ρ. For such a system, the binding strength is controlled by the exchange tunneling rate integral J X ± (∆ρ) and the ground-state trion binding energy is E X ± = −J X ± (∆ρ = ∆ρ X ± ) with ∆ρ X ± to be determined from an appropriate variational procedure to maximize the tunneling rate. Originally developed for the exciton complexes formed by interlayer (indirect) excitons [23, 25] , this approach remains valid in the case of the zero interlayer distance as well, to give the tunneling rate integral for the in-plane (direct) trion -the "core" of the quaternion complex of interest ( Fig. 1(b) ) -in the form [23] J X ± (∆ρ) = 2 10 e −4∆ρ ∆ρ 1+ ∆ρ
Here, the upper or lower term should be taken in the curly brackets for the positive or To properly take into account the screening effect for the charges confined in monolayers, we used the Keldysh-Rytova interaction potential (see Ref. [30] ) with r 0 = 2πχ 2D representing the screening length parameter where χ 2D is the in-plane polarizability of the 2D material [31, 32] .
Seeking the extremum for J X ± (∆ρ) under the condition that ∆ρ > 1 only includes the leading terms in small 1/∆ρ, gives [23] 
Substituting this in Eq. (1), one obtains the binding energies for the positive and negative direct trion in a single monolayer in the absence of a metal.
In the presence of a metal, for trions in a single monolayer the total potential energy is
where ρ is the distance between the hole and the electron in the monolayer, U 0 (ρ) is the electron-hole potential interaction energy in the absence of a metal which is already included in Eq. (1), and the second term comes from the image charge interaction with d being the distance of the monolayer from the metal (the distance between the image and the original).
For quaternions, the total potential energy with the image charge interaction taken into account is
where in addition to d and ρ defined above, l is the thickness of the spacer layer between the two TMD monolayers.
Next, we look at the recombination energy to be able to explain the PL emission spectra in Fig. 2(c) . The photon energy is given by the initial energy minus the final energy. For the exciton, the final state is nothing, so the energy of the photon is the bandgap minus the exciton binding energy in the presence of a metal. As discussed above, experimentally there is very little exciton emission energy shift with or without a metal layer. Our roomtemperature exciton emission line is positioned at 1.65 eV, which exactly corresponds to the room-temperature exciton binding energy of 240 meV and the bandgap of 1.89 eV obtained from precision measurements reported recently in Ref. [19] . For the trion, the final state is a single electron (or hole), which in the presence of a metal has the energy −1/(2d) due to the image-charge interaction. For the quaternion, there are two final electrons (or two holes), and so for the same reason the final energy is −1/(2d) − 1/(2d + 2l). Subtracting these final state energies, together with U 0 (ρ), from U (ρ, d) and U (ρ, d, l) in Eqs. (3) and (4), respectively, and adding the trion binding energy obtained from Eqs. (1) and (2) as described above, one obtains the recombination energies of interest as functions of d and l, which in our experiment are equal to 15 nm and 7 nm, respectively.
This model gives the following results. 1) In the presence of the metal layer, the direct trion is shifted down relative to the direct exciton, consistent with the experimental result.
Our experimental conditions are different from the conditions of Ref. [19] , in which a TMD layer was placed directly onto a metal. In our case, the intervening hBN layer plays an important role. 2) There is always a stable quaternion state, even when there is no metal layer, but when there is no metal layer, the quaternion state lies above the exciton state, and therefore is unstable to conversion down to excitons and/or trions. Figure 3(a) shows the recombination energies for the trion and quaternion as functions of d and l calculated in atomic units as described above with the screening parameter r 0 = 0.05. One can see that, apart from the domain of the very short d and l, the quaternion recombination energy is always above that of the trion. Obviously, this comes from the fact that adding of an extra like charge carrier to a charged three-particle system (trion) results in an extra repulsion in the total four-particle system. This lowers its binding energy to give an increase in the recombination energy. One can also see that the quaternion recombination energy goes slowly up as d increases, to exceed the exciton recombination energy for d large enough (d = ∞ corresponds to the no-metal situation). The decrease of the screening parameter r 0 shifts both surfaces up (not shown here) due to the trion (the "core" for both quaternion and trion) binding energy decrease caused by the increased repulsion of like-charge particles. and ε = 6.4, to compare. The former would be taken if the dielectric response is dominated by the hBN value ε hBN 5 [33] , while the latter appears to be more realistic in our case to also include the large dielectric permittivity ∼ 13−14 of the TMD layers themselves [31] . We have used the WSe 2 bandgap of 1.89 eV and the direct exciton binding energy of 240 meV as reported in Ref. [19] and consistent with our experimental observations. The effective masses were taken to be equal to 0.48m 0 for both electron and hole [34] , to give σ = 1 and λ = 2, resulting in equal binding energies for positive and negative trions, as follows from Eqs. (1) and (2) above. The only free parameter of the fit is the screening length r 0 of the Keldysh potential, which we find to be r 0 = 0.0124 and r 0 = 0.043 for ε = 5 and ε = 6.4, respectively. We note that the low r 0 values we obtain are consistent with the earlier experimental observations of exciton emission from TMD monolayers embedded in hexagonal boron nitride [35] . With these material parameters, we calculate a * B and Ry * , and set up l = 7 nm (which in atomic units is different for different ε), to obtain the graphs in Fig. 3(b) from Eqs. (1)- (4) . As seen in the figure, both choices of ε put the quaternion in between the trion and the exciton. However, in the case of ε = 5, for the value of d = 15 nm in our sample, the quaternion is too close to the exciton and so should hardly be resolvable experimentally.
For ε = 6.4, all three lines are well separated in energy in full consistency with what we see in the PL spectra shown in Fig.1(c) . One can also see that increasing d pushes up the quaternion binding energy to exceed that of the exciton, making the quaternion unstable, as mentioned earlier.
We conclude that the existence of doubly-charged excitonic complexes, or quaternions, in bilayer TMD structures near metallic layers, is to be expected, as the above calculations show this complex is quite robust to variation of the material parameters and layer distances.
Our spectroscopic studies of bilayer structures near a metal, and of control samples, gives a candidate spectral line that is consistent with this.
The question then remains what would be needed to have a realistic room temperature superconductor made from a condensate of these complexes. Bose condensation occurs generally at high density, which means that experiments with high excitation intensity could push the density high enough for condensation, but collisional Auger nonradiative recombination may deter this. In general, it has been difficult to see coherent light emission, i.e., spectral narrowing and increase of the temporal coherence as seen in interferometry, from indirect exciton condensates, which is the primary telltale for exciton condensation. It may be that mixing these states resonantly with photons to create a polaritonic state may be the best path toward condensation; the polariton effect also reduces the effective mass of the particles, which reduces the needed density for condensation and also averages over disorder on length scales of the wavelength of light. Our results here indicate, in any case, that quaternion physics in bilayer systems with metal layers is a promising field of research.
Figures S1 to S5 show the PL spectra of various samples as temperature is varied. The curves are labeled by the bath temperature in each case.
FIG. 1. Second sample with the same structure as the sample discussed in the main text. The direct exciton is seen at the same energies, equal to 1.75 eV at low temperature, and the quaternion line is also clearly identifiable at low temperature. The trion line also appears at the same energy, seen most clearly at around T = 100 K, at energy 1.68 eV. A second sample with the same structure as the sample discussed in the main text, but without the metal layer, and with the hBN layer between the monolayers much thinner, approximately 2 nm. The direct exciton is seen at the same energies, equal to 1.75 eV at low temperature, but the quaternion line is not seen. An interlayer exciton (IX) is seen prominently at 1.57 eV at low temperature, while the trion layer is suppressed or buried in the impurity PL, and the quaternion line not seen. This sample, and other measurements of its PL properties, such as time-resolved PL showing a long lifetime for the IX, is discussed in another publication [1] .
